Abstract Invasive species and anthropogenic sources of allochthonous trophic subsidies can have substantial ecological consequences for freshwater ecosystems, including modifying the diet of consumers and altering food web structure. Here, the diet of an omnivorous cyprinid fish, European barbel Barbus barbus, was assessed in relation to the presence of invasive signal crayfish Pacifastacus leniusculus and pelletized fish-meal in four rivers in England. Pellets are often used in large quantities by river anglers and thus could provide an important trophic subsidy, not only to the fish but also indirectly via P. leniusculus. Carbon and nitrogen stable isotopes were used to estimate the proportion of diet assimilated from natural sources and from P. leniusculus and pellets by B. barbus of lengths between 420 and 800 mm. Pellets generally made a large contribution to the overall biomass of B. barbus (up to 59 % of population diet) and in the two rivers where they were present, P. leniusculus were also an important resource (up to 30 % of population diet). The proportion derived from macro-invertebrates (excluding P. leniusculus) was substantially lower. Stable isotope mixing models further demonstrated considerable intraspecific variability in B. barbus diet within the rivers, with pellets comprising up to 79 % of the biomass of individual B. barbus in rivers where P. leniusculus was absent. Where present, P. leniusculus effectively replaced and thus reduced the contribution of pellets to individual fish diet. Thus, isotopic evidence from three of the four rivers indicates that B. barbus populations are heavily reliant ([50 %) upon angler-introduced baits that act as an important allochthonous subsidy and will also prey upon invasive P. leniusculus where they are present.
Introduction
Environmental disturbances caused by human activities, such as deforestation, invasive species and over-exploitation of fisheries, are impacting upon food web structure and ecosystem functioning (Petchey et al. 1999; Harmon et al. 2009 ). These disturbances alter the supply of resources and, therefore, often cause changes in the diet of resident species (Harmon et al. 2009 ). Evidence suggests that food webs in freshwater ecosystems shift under the influence of invasion and fishery activities through inputs of novel resources (Vander Zanden et al. 1999; Britton et al. 2010; Jackson et al. 2012) . Fishery activities associated with angling and aquaculture can magnify the input of allochthonous resources to freshwater ecosystems via the introduction of energy rich foods, such as pelletized fishmeal, and introductions of invasive species; both of which can supplement the diet of native species (Grey et al. 2004; . Whilst inputs of allochthonous resources enhance the in situ productivity of freshwater systems and increase food web stability (Jones et al. 1998; Jefferies 2000) , when inputs become excessive, the food web is often modified across numerous trophic levels through alterations of food web connectivity and bottomup or top-down control (Jefferies 2000; Marczak et al. 2007 ). This can lead to shifts in the diet composition of consumers as they become increasingly reliant on the allochthonous resource as a trophic subsidy (Marcarelli et al. 2011; Sato and Watanabe 2013) .
Trophic subsidies that originate from fishery activities can provide recipient aquatic communities with alternative food resources that are energy rich and highly nutritious (Grey et al. 2004; Arlinghaus and Niesar 2005; FernandezJover et al. 2011a, b) , such as pelletized fishmeal that are usually high in protein (from fishmeal) and lipid (from fish oil) (Naylor et al. 2000) . Whilst it was recently estimated that the global annual production of fishmeal pellets was 3.7 million tonnes (Tacon and Metian 2008) , only a small proportion of this production is used directly as bait for recreational angling. Nevertheless, pellets are increasingly being used by freshwater anglers in Europe as both an attractant and hook-bait to target fish of the Cyprinidae family, such as common carp Cyprinus carpio and European barbel Barbus barbus . Moreover, the quantities used can be substantial, with the amount of bait used annually per angler in Germany estimated at 7.3 kg (Arlinghaus and Niesar 2005) . Given that these pellets were originally designed for feeding carnivorous fish in aquaculture to maximise their growth through the input of an energy rich resource that is relatively easy to assimilate (Naylor et al. 2000) , then this at least partially explains their effective use within freshwater angling for a range of omnivorous and carnivorous species.
Aquatic ecosystems are also vulnerable to species invasions, especially those that are already disturbed through human activities (MacDougall and Turkington 2005) . These invasive species, when present in sufficient abundance, can act as novel autochthonous resources for native species, resulting in shifts in food web structure (Coulas et al. 1998; Vander Zanden et al. 1999; Ellis et al. 2011) . Moreover, invasive species often create novel trophic pathways, acting as both consumers and resources with, for example, invasive crayfish consuming both plant and animal material (Jackson et al. 2014) and providing an abundant food resource for many taxa (e.g. Beja 1996; Correia 2001; Tablado et al. 2010) . In many European countries, invasive crayfish species have been widely introduced, with the signal crayfish (Pacifastacus leniusculus) usually being the most abundant (Kouba et al. 2014) , including in the UK (Jackson and Grey 2013) .
Consequently, the aim of this study was to assess how angling baits and invasive crayfish influenced the diet of freshwater fish in riverine environments, using B. barbus as the model species. They were studied in four English rivers in which they are the main target species for the majority of the anglers practising catch-and-release; of these rivers, invasive P. leniusculus had well-established populations in two but were absent from the other two. As Grey et al. (2004) established that the predominantly marine-derived material of pellets makes them isotopically distinct in freshwater food webs, the specific objective was to assess the relative dietary contribution of fishmeal pellets and P. leniusculus to B. barbus compared to that from native and naturally available species. B. barbus is indigenous in some English rivers but non-indigenous in others and is popular with many anglers due to its sporting qualities and relative ease of capture ). An omnivore that is occasionally piscivorous (Kottelat and Freyhof 2007) , it is regularly fished for using relatively large quantities of fishmeal pellets (often [1 kg per angler per day; J. R. Britton personal observation). , with the majority of angling activity focused between June and September. P. leniusculus was present in the Kennet and Lee, but not the Teme and Hampshire Avon. We used the stable isotope analysis of fish scales as a non-destructive method to assess the diet of B. barbus in preference to using muscle tissue or gut contents analysis (GCA) because the sampling sites were all recreational fisheries that practised catch-and-release angling. Stable isotope analysis reveals food web structure and trophic linkages through the naturally occurring ratios of 15 N: 14 N and 13 C: 12 C (Grey 2006) . The carbon ratios reflect the consumer diet with typical enrichment of 0-1 %, whereas nitrogen ratios show greater enrichment of 2-4 % from resource to consumer (i.e. indicate trophic position) (Post 2002; McCutchan et al. 2003) .
Materials and methods
Samples of B. barbus were captured from each river during August and September 2012 by angling. Following capture, each fish was measured (fork length, nearest 5 mm) and between 3 and 5 scales were removed from between the base of the dorsal fin and the lateral line. These were transferred to paper envelopes and rapidly dried to maintain their condition. At the same time, samples of the angler bait were taken for subsequent analyses. To obtain samples of the putative food resources of B. barbus from each river, kick-sampling was used in September 2012 to provide representative samples of the macro-invertebrate communities. In all rivers, this also provided samples of small fishes, primarily 3-spined stickleback Gasterosteus aculeatus, minnow Phoxinus phoxinus and bullhead Cottus gobio (subsequently referred to as 'small fishes'). In the Rivers Kennet and Lee, kick-sampling was also used to sample P. leniusculus.
For stable isotope analysis, replicate samples of the putative food resources of B. barbus were used (n = 3-10 per resource). Given the size ([400 mm; Table 1 ) and likely age ([10 years; Britton et al. 2012 ) of all of the B. barbus in the samples, only material from the very outer portions of scales were used in analyses, i.e. material outside of the last annulus that was produced through growth in 2012 rather than earlier in life (Hutchinson and Trueman 2006) . Prior to analysis, all samples were ground using an agate pestle and mortar and 0.5 mg was weighed into 6 9 4 mm tin cups using an ultra-microbalance (UM92 Automated-S, Mettler Toledog). Carbon and nitrogen isotopic analysis was carried out at Queen Mary, University of London, using an elemental analyser (Flash EA, 1112 series, Thermo-Finnigan) coupled to a continuous flow isotope ratio mass spectrometer (Finnigan MAT DeltaPlus, Thermo-Finnigan). Ratios of 13 C: 12 C and 15 N:
14 N are expressed in per mille (%) using the delta notation (d). Secondary standards (sucrose for carbon; ammonium sulphate for nitrogen) with known relation to international standards (Pee Dee Belemnite for carbon; nitrogen in air for nitrogen) were used as reference materials. Cyclohaxonone-2, 4-dinitrophemylhydrazone or urea was used as an internal standard and repeat analyses resulted in typical precision of \0.1 % for carbon and \0.3 % for nitrogen.
Prior to the data analysis, the stable isotope data from the B. barbus scales were converted to values for dorsal muscle as muscle stable isotope values reflect that of the diet of individual fish most closely (Pinnegar and Polunin 1999; Grey et al. 2009 ). Consequently, samples of scales and dorsal muscle from 20 B. barbus of 150-250 mm that were available from an unconnected and completed study and that had been raised on a standardised diet of consistent isotopic composition were analysed and the offset between scale and muscle determined via subtraction. Material only on the scale edge was used in the analyses (as per the fish used in the main study) and provided muscle values of -1.8 ± 0.49 % for d 13 C, and ?0.6 ± 0.35 % for d 15 N relative to scale values. We tested fish length against d 13 C and d 15 N in each river using linear regression to identity any ontogenetic influences. Bayesian mixing models were then used to determine the relative contribution of each resource to the diet of each B. barbus population and individual. The individual analysis was used to assess individual variation in diet choice. Models were run using the SIAR package in the R computing programme (Parnell et al. 2010 ; R Core Development Team 2013). As excessive putative food resources can cause the model to underperform, the data for resources with similar isotope values were combined a priori, whilst respecting the taxon and functional affiliation of the individual species (Phillips et al. 2005) . Accordingly, the resources were pooled into the following groups at each site where available: fish pellets, small fish, Arthropoda (Gammarus pulex, Hydropsychidae, Simuliidae spp. and Ephemeroptera spp. that were present in all the rivers) and P. leniusculus. To correct for isotopic fractionation between resources and consumers, 3.4 % (±0.98 %) was used for d 15 N and 0.39 % (±1.3 %) for d 13 C (Post 2002 ). Anecdotal evidence from anglers encountered during the study revealed concerns over P. leniusculus consuming angler baits, particularly pellets. To test for this, a further mixing model was run substituting P. leniusculus as the consumer, and inserting values for pellets, small fish, leaf litter and arthropods as resources. The fractionation factors used were as already described for B. barbus.
Results
The lengths of the B. barbus captured from the rivers spanned 420-800 mm (Table 1) . There was considerable variability in the d 13 C of individual B. barbus in the rivers, with this less apparent for d 15 N (Fig. 1) . Small fishes and P. leniusculus tended to be very similar in d 13 C with P. leniusculus 15 N-depleted by 1-2 %, whilst values for fishmeal pellets were clearly isotopically distinct compared to any other resource (Fig. 1) . The influence of fish length on d (Fig. 2) . Where P. leniusculus was present (Lee and Kennet), it was also an important resource in B. barbus diet (mean values: 30 and 20 %; Fig. 2 ). The dietary contribution of the other food resources varied between rivers, with Arthropoda generally representing the least important food source (Fig. 2) .
Data from individual B. barbus per river also suggested that in the rivers where P. leniusculus was absent, there were relatively high proportions of pellets in diet, ranging from 35 to 72 % in the Avon and 20-79 % in the Teme (Table 2) . Where P. leniusculus was present, the contribution of pellets was more varied between rivers, ranging from 22 to 77 % in the Kennet, and 8-41 % in the Lee (Table 2 ). In the Lee, pellets contributed \30 % to the diet of most fish (seven of nine fish) and P. leniusculus was an additional important resource, contributing 22-31 %. The proportion of pellets in the diet of B. barbus varied considerably between individuals in the Rivers Teme and Kennet (as indicated by high standard deviations; Table 2 ), suggesting a degree of individual specialisation. In contrast, the proportion of crayfish in the diet of B. barbus (when available) varied little between individuals (as indicated by low standard deviations; Table 2 ). Small fish were also important resources in all four rivers, contributing up to 50 % to fish diet especially in the absence of crayfish ( Table 2 ).
The mixing model run with crayfish as the consumer revealed that, contrary to anecdotal reports, the pellets were of relatively low dietary importance to P. leniusculus, with a mean contribution of 6 % in the Kennet and 12 % in the Lee.
Discussion
The fish analysed from the four B. barbus populations were strongly reliant on introduced fishmeal pellets as a food . Table 1) resource. In the Rivers Kennet, Teme and Hampshire Avon, analyses from individual fish revealed that pellets comprised up to 79 % of assimilated resources. The River Lee differed in that the highest contribution of pellets to the diet of an individual fish was estimated at 41 %. Here, other items in the diet, especially invasive P. leniusculus and small fish, were important dietary resources. Perhaps surprisingly, the models estimated that Arthropods were the least important of the natural dietary resources included in the models.
Although the study was based on single collections of material sampled towards the start of autumn 2012, the use of stable isotope analysis provided a temporally integrated assessment of B. barbus diet that reflected their assimilated food items in the preceding months (Grey 2006) . The influence of pellets on barbel diet might have decreased had samples been taken following the winter period, given that angling activities tend to be focused in summer on the study rivers. However, B. barbus growth rates, movement and activities peak in summer and almost cease when winter temperatures fall to close to the species' thermal limit (4°C; Baras 1995a, b). Consequently, their food intake and muscle turnover would be likely to be very low in winter, emphasising that sampling following the summer was the optimal period for the study (Perga and Gerdeaux 2005) . For similar reasons, it is likely our estimates of the contribution of crayfish to B. barbus biomass is also near to the annual maximum, as crayfish are less active over winter and hence probably less available as a prey resource. Ideally, including control rivers where pellets were not used would have made our study more robust, allowing us to identify the isotopic niche of B. barbus without such an allochthonous resource; this, however, represents a major challenge in Fig. 2 Boxplots for each site, showing estimated contribution of different carbon sources (PE pellet, SF small fish, AR Arthropoda, CR crayfish) to the diet of Barbus barbus; dark grey box represents the 50 % of the data, posterior light grey box 75 % of the data and the outer light grey box 95 % of the data. The number in the right hand top corner of each plot denotes the river (cf. Table 1) many English rivers given that B. barbus is a highly attractive target species for anglers and the use of pellets is now ubiquitous.
Fishmeal pellets used by anglers were thus an important allochthonous trophic subsidy for these B. barbus populations. There are, however, few studies that have dealt with how subsidies such as these are incorporated into food webs and what their relative importance is at the population and community level. Notwithstanding, Grey et al. (2004) revealed that in Esthwaite Water, England, approximately 65 % of Daphnia spp. and over 80 % of roach Rutilus rutilus body carbon was ultimately derived from pellet material originating from an in situ fish farm. Other studies on the fate of pelletized feeds from aquaculture have shown their integration into the food web of the surrounding environment (Fernandez-Jover et al. 2011a, b; Demétrio et al. 2012) . revealed that the growth, density and fitness of the invasive fish, Pseudorasbora parva, was enhanced in pond mesocosms that received trophic subsidies in the form of small fishmeal pellets, with this often being an indirect mechanism as the elevated nutrient concentrations that occurred as a result of pellet introduction had the effect of increasing rates of algal standing stocks. Whilst the quantity of fishmeal pellets that were introduced into each river was not quantified, for comparative purposes it has been estimated that recreational anglers in Germany introduced a total of 24,000 tonnes of angling bait into freshwater fisheries in 2004 (Arlinghaus and Niesar 2005) . This was not only believed to represent a significant trophic subsidy for the fish, but also elevated nutrient concentrations in the water and subsequently impacting adversely on water chemistry (Niesar et al. 2004; Arlinghaus and Niesar 2005; Lewin et al. 2006) .
Invasive crayfish have been shown to have numerous negative effects on local fish communities through predation on small benthic fish and eggs (Guan and Wiles 1997; Thomas and Taylor 2013) , competition for food and shelter (Guan and Wiles 1997; Bobeldyk and Lamberti 2010) , and alteration of habitat by burrowing activities (Guan and Wiles 1997) .
Other studies on invasive crayfish have highlighted their importance as a food resource for many predatory fish (Blake and Hart 1995; Garvey et al. 2003; Hein et al. 2006; Nyström et al. 2006; Jackson et al. 2012) , which could potentially help in controlling the invasive crayfish abundance (Hein et al. 2006; Nyström et al. 2006) . Our results indicate that invasive crayfish represent an important food source for adult B. barbus, even in the presence of an abundant allochthonous food resource such as fishmeal pellets. Although it was estimated that both the crayfish and pellets were important dietary resources, it was not determined whether their presence in B. barbus diet provided any benefits to the fish or indeed the wider population, such as in improved condition and increased somatic growth rates and fitness. However, fish-meal pellets are manufactured to be highly nutritious compared with many other food resources and, in other studies, have resulted in enhanced fish growth rates (Naylor et al. 2000; ) and so it can be speculated that similar advantages might have been provided to B. barbus here. When the mixing models were being developed, it was apparent that the presence of P. leniusculus and 'small fish' in analyses tended to reduce the model performance due to their isotopic similarity. However, even with the small fish in the analyses, it was evident that P. leniusculus was an important food source in fish diet, as suggested by Nyström et al. (2006) , who showed their high contribution to fish diet in streams and lakes in Sweden.
Classical dietary studies have reported that B. barbus is omnivorous, eating benthic invertebrates (Cherghou et al. 2002; Piria et al. 2005; Corse et al. 2010 ) and small fish (Kottelat and Freyhof 2007) , with algae also present in their diet (Cherghou et al. 2002; Piria et al. 2005) . Our stable isotope data revealed a different story with little evidence that benthic macro-invertebrates (excluding P. leniusculus) were as important to diet when compared to fishmeal pellets and P. leniusculus. It may be that the majority of fish which were sampled by angling for this study were 'conditioned' to feeding upon high quality angling baits simply by the sheer volume of bait introduced and thus favoured those over other more natural diets. Nevertheless, our results tend to support Cherghou et al. (2002) who observed high dietary plasticity in B. barbus populations depending on the available prey items. In the Rivers Teme and Kennet there was also high intraspecific variability in the use of fishmeal pellets, with certain individuals clearly specializing on pellets as a principal food source. This plasticity could play an important role in different environments with diverse population dynamics, where resources might vary in their quantity and quality, enabling individual B. barbus to shift diet according to prey availability. In addition, the barbel used in the study were all relatively large and had smaller individuals been available for analysis, particularly those \100 mm, then it is likely that much higher proportions of macro-invertebrates would have been estimated in their diets due to their more limited gape-size. Irrespective, the outputs here indicated that the diet of B. barbus in rivers that are exploited by angling can be heavily reliant on their introduced baits, and invasive crayfish, that act as an important allochthonous trophic subsidies.
